Current knowledge suggests that cortical sensory area identity is controlled by transcription factors (TFs) that specify area features in progenitor cells and subsequently their progeny in a one-step process. However, how neurons acquire and maintain these features is unclear. We have used conditional inactivation restricted to postmitotic cortical neurons in mice to investigate the role of the TF LIM homeobox 2 (Lhx2) in this process and report that in conditional mutant cortices area patterning is normal in progenitors but strongly affected in cortical plate (CP) neurons. We show that Lhx2 controls neocortical area patterning by regulating downstream genetic and epigenetic regulators that drive the acquisition of molecular properties in CP neurons. Our results question a strict hierarchy in which progenitors dominate area identity, suggesting a novel and more comprehensive two-step model of area patterning: In progenitors, patterning TFs prespecify sensory area blueprints. Sequentially, sustained function of alignment TFs, including Lhx2, is essential to maintain and to translate the blueprints into functional sensory area properties in cortical neurons postmitotically. Our results reemphasize critical roles for Lhx2 that acts as one of the terminal selector genes in controlling principal properties of neurons.
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T he adult mammalian cortex is patterned into distinct and modality-specific sensory areas that are responsible for the perception of the sensory information and for the control of behavior (1) . Research has focused in particular on how transcription factors (TFs), which are expressed in gradients in the cortical ventricular zone (VZ) progenitors, drive area patterning of mature cortical sensory areas by specifying their size and position during early cortical development (1, 2) . As a result, current views suggest that the specification of sensory area identity is dominated by patterning events in progenitors (1) (2) (3) . However, the mechanisms that translate area-patterning information from cortical progenitors into area-specific properties of postmitotic (CP) neurons are not well understood.
Results
We hypothesized that sensory area identity in CP neurons in mice could be determined ultimately by the function of key regulators that function postmitotically. One of the few TFs that are expressed in progenitors and neurons is LIM-homeodomain 2 (Lhx2) (4) . During early corticogenesis, Lhx2 shows a caudal/ medial-high to rostral/lateral-low expression gradient in cortical progenitors. Starting from around embryonic day (E) 12 to postnatal day (P) 0, a caudal/lateral-high to rostral/medial-low expression gradient is apparent in cortical neurons (Fig. S1 ), which postnatally becomes restricted to more uniform expression in upper cortical layers (Fig. S1 ). Such sustained and dynamic expression of Lhx2 in neurons suggests that Lhx2, similarly to its established roles exerted in progenitors (4) (5) (6) (7) (8) , may affect properties in cortical neurons. To test this hypothesis, we used conditional inactivation by crossing mice carrying floxed Lhx2 alleles (4) with mice expressing Nex-Cre mediating Cre recombination restricted to postmitotic cortical neurons (9) starting around E11 (Fig. S2) .
Immunostaining using an Lhx2 antibody at E13 and E17 reveals that in conditional knockout Lhx2 flox/flox -NexCre + , (hereafter referred to as "cKO") specimens Lhx2 expression remains unchanged in the VZ and subventricular zone (SVZ) but is absent in the intermediate zone and CP, demonstrating selective deletion of Lhx2 in cortical postmitotic neurons (Fig. S2) . At P7, we compared dissected WT and cKO brains and analyzed their neuroanatomy using Nissl staining and found no differences, showing that overall brain development, cortical anatomy, and thickness of cortical layers is indistinguishable among genotypes (Fig. S2 ). Contrary to deletion of Lhx2 in progenitors (4) (5) (6) (7) (8) , our data demonstrate that gross cortical development is not affected by postmitotic deletion of Lhx2. This result allowed us to investigate processes that mature postnatally such as area patterning.
Lhx2 Controls Thalamocortical Connectivity. We identified primary sensory area borders by serotonin (5HT) immunostaining that in rats and mice during early postnatal development labels the cortical terminations of subsets of thalamocortical axons (TCAs) of relay neurons that project from the principal thalamic sensory nuclei to layer 4 of the corresponding primary cortical sensory area (10) (11) (12) . Subsequently, we quantified sensory area dimensions on flattened horizontal P7 cortex sections (Fig. 1A) . Measured mean values for cKO specimens are displayed as percent of WT, and the variance (±) among the tested specimens was calculated using SEM. Despite comparable cortical surface area (97 ± 0.93%, P = 0.0529) and frontal/motor cortex (M) area (104.4 ± 2.4%, P = 0.1002), 5HT staining showed that size and shape of sensory areas is affected in an opposing fashion in cKO sections.
Significance
The mammalian neocortex is divided into specialized modalityspecific areas that are responsible for the processing of sensory information. This architecture is critical, because altered area size affects normal sensory function and behavior in animals and humans. Current knowledge suggests that sensory area specification is dominated by patterning genes expressed in cortical progenitors. We show that postmitotic deletion of the transcription factor LIM homeobox 2 (Lhx2) in cortical neurons does not affect area patterning in progenitors but strongly alters sensory areas, demonstrating that specification of area identity in progenitors alone is insufficient. We suggest a novel and more comprehensive model of cortical area patterning that incorporates these revelations and define the relevance of postmitotic mechanisms in determining the functional properties of cortical areas.
For example in cKO brains the visual cortex (V1) expanded massively (171.1 ± 2.4%, P < 0.0001), whereas auditory cortex (A) and somatosensory cortex (S1) were severely contracted (A: 54.3 ± 4.7%, P < 0.0001; S1: 65.1 ± 1.8%, P < 0.0001), revealing that targeting of TCAs from the principal thalamic nuclei into cortical layer 4 (L4) is strongly affected.
To investigate the altered sensory TCA connectivity in more detail, we performed lipophilic dye-tracing experiments at P7 using an unbiased approach. Different dyes were inserted in defined locations on the cortical sheet that across brains correspond to stereotaxically very similar locations (Fig. S3) . First, we inserted DiI (1,1′-dioctadecyl 3,3,3′,3′-tetramethylindocarbocyanine perchlorate; red dye) and DiO (3,3′-dioctadecyloxacarbocyanine perchlorate; green dye) crystals into a cortical location that presumably shows retained 5HT staining (Fig. 1A : approximated center regions of S1 and V1). The retrogradely DiI-labeled cell bodies (red) were indeed evident only in the somatosensory thalamic nucleus (ventroposterior nucleus: VPN), whereas retrogradely DiO-labeled cell bodies (green) were found exclusively in the visual thalamic nucleus (dorsal lateral geniculate nucleus, dLG) in WT and cKO coronal sections of the thalamus (Fig. S3A) . To reveal the rostral expansion of V1 at the expense of S1 territory demonstrated by 5HT staining in cKO cortices (Fig. 1A) , we performed an additional dye-labeling approach and placed DiI (red dye) into approximated cortical locations that in WT correspond to the rostral V1 region and placed DiD (1,1'-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt; green dye) into the presumptive caudal S1 region (Fig. S3B) . Across genotypes, DiI retrogradely labeled cells (red) in the dLG. In WT sections, DiD retrogradely labeled TCAs (green) that avoid the dLG and exclusively labeled cells in the VPN. Conversely in cKO sections, DiD-labeled TCAs ectopically labeled cells in the dLG. Only some cells in the VPN were labeled with DiD indicating that most of the cortical territory around the DiD injection site had obtained V1 instead of S1 identity. These results are consistent with abnormal 5HT staining (Fig. 1A) showing that subcortical TCA input from the principal sensory thalamic nuclei into cortical layer 4 is altered in cKO brains.
In the cortex, complementary and area-specific gene expression distinguishes areas from one another molecularly (1) (2) (3) . To analyze if altered TCA targeting in cKO coincides with altered L4 molecular markers, we performed 5HT staining and in situ hybridization (ISH) on P7 flattened horizontal cortical sections that cover L4 (Fig. 1B) and show 5HT staining (10) (11) (12) . We report that high RORb (RAR-related orphan receptor B) expression domains delineate V1, S1, and A, mirroring the 5HT staining pattern (compare 5HT and RORb in Fig. 1B ). High Cad8 (Cadherin 8) expression in the rostral cortex delineates the M/S1 border, whereas low expression delineates V1 and S1. Low EphA7 (Eph receptor A7) expression domains similarly delineate V1 and auditory areas. In cKO, the overall expression levels of these molecular markers appear normal, but their expression boundaries are abnormal, mimicking the altered 5HT patterns (Fig. 1B) and thus showing that Lhx2 regulates the area-specific molecular profile and the targeting of TCAs in cortical neurons that correspond to layer 4.
Lhx2 Controls Area Patterning Across Layers in the CP. Next, we analyzed the developmental dynamics of Lhx2 expression in cortical neurons. We performed double immunostainings using an Lhx2 antibody together with antibodies for layer-specific neuronal markers between E12 and P7. In layers 2-4 at P7, Lhx2 staining overlaps with the upper cortical layer marker Satb2 (special ATrich sequence binding protein 2) (Fig. S4A ). This overlap is consistent with coexpression of Lhx2 in Tbr2-positive (Eomes, T-box brain protein 2) basal progenitors at E15 (Fig. S4B ), which generate these neurons (13) . Conversely at P7, Lhx2 shows no overlapping staining with Ctip2-positive layer 5 neurons (chicken ovalbumin upstream promoter transcription factor-interacting protein 2) (Fig. S4A ). However, Lhx2 is transiently coexpressed in most newly born Ctip2-positive layer 5 neurons at E14-15 ( Fig. S5 ) as well as in most newly born Tbr1-positive (T-box brain protein 1) layer 6 neurons at E12-13 ( Fig. S6 ). This result demonstrates that CP neurons express Lhx2, either transiently after they are born (lower-layer neurons) or permanently (upper-layer neurons; also see the schematic in Fig. S7 ), and suggests that Lhx2 function could control molecular properties broadly across all cortical layers.
Subsequently, we investigated whether area-specific geneexpression borders in cKO cortices are broadly affected across layers in the CP by analyzing the expression of area-specific and layer-specific marker genes using ISH on P7 sagittal sections ( Fig. 2A) . As on stained tangential cortical sections (Fig. 1B) , RORb expression in layer 4 on sagittal sections is high at the M/S1 and the S1/V1 borders. In cKO cortices, the RORb expression delineating the M/S1 border aligns with the border in WT brains, but the S1/V1 border shifts rostrally. In addition to layer 4, Cad8 also labels layers 2-3: Cad8 expression is high in layers 2-4 in M, low in S1, and high in V1 layers 2-4, revealing area borders. Overall in cKO cortices the Cad8 expression borders remain sharp, but the S1/V1 border shifts rostrally, whereas the M/S1 border remains unchanged. Area-specific layer 5 markers, such as ER81 (ETS-related protein 81) and SMI32 (Sternberger ) brains, the 5HT staining reveals abnormal cortical sensory areas, compared with WT brains. Quantification of sensory area size (dotted lines, displayed as percent of WT) reveals that cortical surface (97 ± 0.93%, P = 0.0529) and the M area (104.37 ± 2.4%, P = 0.1002) are comparable in WT and cKO brains. V1 is enlarged (171.09 ± 2.39%, P < 0.0001) in cKO brains, whereas S1 (65.14 ± 1.81%, P < 0.0001) and A area (54.31 ± 4.69%, P < 0.0001) are contracted. *P < 0.05. (B) ISH for RORb, Cad8, and EphA7 was performed on P7 flattened cortex sections at depths comparable to 5HT-stained sections. The expression patterns of molecular markers appear superimposable to the borders of 5HT staining (compare outlines). n, number of samples; PMBSF, posterior medial barrel subfield in S1. Main axes: A, anterior; L, lateral; M, medial; P, posterior. (Scale bars: 0.5 mm.) monoclonals neurofilament 32) (high in M and S1, low in V1), also showed a rostral shift of the S1/V1 border in cKO sections. In upper and lower cortical layers, specific markers delineating the M/S1 border are maintained, but markers highlighting the S1/V1 border shift rostrally in cKO sections.
We next tested whether, in addition to the altered subcortical input projections from the principal thalamic sensory nuclei into cortical layer 4 (5HT staining in Figs. 1 and 2B), layer 5 cortical output projections also could be affected in cKO. In P14 brains (Fig. 2B) , corticospinal layer 5 projections in M/S1 were retrogradely labeled by inserting DiI crystals into the corticospinal tract (CST), whereas corticotectal layer 5 projections from V1 were labeled by inserting DiD crystals into the superior colliculus (SC). In WT and cKO sagittal sections, the two dyes labeled nonoverlapping neuronal populations, revealing a separation of corticospinal versus corticotectal output projections in layer 5 that predicts the S1/V1 border (Fig. 2B ). In accordance with the expansion of molecular V1 markers and subcortical input from the dLG into V1 layer 4, corticotectal output projections in layer 5 also expand rostrally at the expense of corticospinal projections in cKO brains (Fig. 2B ). This analysis shows that deletion of Lhx2 in postmitotic neurons broadly alters neuronal properties that affect area patterning across layers in the CP. (14, 17, 18) , CoupTF1 (chicken ovalbumin upstream promoter transcription factor) (1, 19) , and Sp8 (specificity protein 8) immunolabelings (20, 21) on E12 sagittal sections. The expression of TFs remained unchanged in the VZ in cKO sections (Fig. 3A) . (Fig. 3B) indicating that cortical progenitors have normal area identities in cKO embryos. Normal expression of TFs that are critical for cortical neurogenesis, such as Pax6 and Tbr2 (13, 22) , also indicates that the molecular specification and generation of the different cortical layer neurons does not require postmitotic activity of Lhx2. In fact, we analyzed this issue at P7 by using ISH for the specific cortical layer markers Cux2 (Cut-like homeobox 2, layer 2-3), RORb (layer 4), ER81 (layer 5), and Tbr1 (layer 6) and found that cortical layers appear indistinguishable among genotypes (Fig. 3C) . We conclude that the activity of Lhx2 in postmitotic neurons is dispensable for corticogenesis and layer formation but is critically required to sustain major hallmarks determining cortical area patterning (2, 3, 18) including area-specific genetic profiles and areaspecific cortical input/output projections. Despite its normal specification in progenitors, area identity is altered in the CP of cKO postmitotically, revealing that the transfer of area identity from progenitors to daughter neurons is malleable and that as a consequence the area information in neurons is misaligned. Sustained Lhx2 function in neurons is required to maintain normal area patterning in cortical neurons.
Lhx2 Controls Different Classes of Downstream Intermediate Regulators.
We next aimed to explore the mechanisms by which Lhx2 controls neuronal properties. However, compared with mechanisms in progenitors, relatively little is known about mechanisms that influence area-specific properties in postmitotic neurons (2) . The few studied intermediate genetic regulatory elements (23) that influence aspects of area patterning are the TFs Bhlhb5 (basic helix-loop-helix domain containing class B5), Lmo4 (LIM domain only 4), and CoupTF1. Loss of Bhlhb5 function interferes with the acquisition of sensory area features in select cortical cell types and results in a disorganized S1 and altered corticospinal projections (23) . Similarly, sustained Lmo4 function is required to maintain proper S1 shape and ordered segregation of TCAs in S1 (24) (25) (26) . In neurons, CoupTF1 regulates postmitotic aspects of area patterning through a feedback mechanism with VZ patterning genes (27) . To elucidate whether Lhx2 could affect the genetic profile in cortical neurons by regulating the activity of intermediate area-patterning regulators, we performed ISH and immunohistochemistry (IHC) for Bhlhb5, Lmo4, and CoupTF1 on P7 sagittal sections (Fig. 4A) as examples for intermediate regulators with known postmitotic functions (2). High Bhlhb5 immunolabeling in WT sections is evident in S1 but is much lower in M and V1. Expression of Lmo4 in the CP is complementary to Bhlhb5 (2), with strong expression in M/V1 and much lower activity in S1. CoupTF1 is strongly expressed in layer 4 across areas and at much lower levels in layers 2-3 in M and V1. In cKO sections, Bhlhb5 and Lmo4 are expressed at very low levels, whereas CoupTF1 expression conversely appears up-regulated, compared with WT sections (Fig. 4A) . Lhx2 activity in neurons is required for normal expression levels of downstream TFs. Normal expression of these intermediate area-patterning regulators is required to drive area-specific genetic profiles in postmitotic cortical neurons (2, (23) (24) (25) (26) (27) .
In addition to direct transcriptional regulation, epigenetic mechanisms also impact on gene expression in many cell types, including neurons, by controlling DNA methylation (28, 29) . Recent studies show that epigenetic mechanisms impact on area-specific gene expression in V1 in primates (30) and are needed for the normal development of S1 in mice (31, 32) . To investigate if Lhx2 function could regulate epigenetic mechanisms, we analyzed the expression of candidate epigenetic regulators using immunostaining on P7 sagittal sections (Fig. 4B) . We found that variations in the expression levels of the methyl-CpG-binding protein MeCP2 (high in V1 layers 2-3 and S1 layer 4, lower in M) (Fig.  4B ) and the histone deacetylase HDAC1 (strong in V1 layer 2 ISH on P7 sagittal sections shows the borders of area-specific Cad8 (layers 2-4), RORb (layer 4), and ER81 and SMI32 (both layer 5) expression (red arrowhead: M/S1 border; black arrowheads: S1/V1 border and caudal V1 border). The M/S1 border aligns in WT and cKO sections, but the S1/V1 border shifts rostrally in the cKO cortex. (B) 5HT staining on P7 sagittal sections shows TCA input into layer 4, revealing a rostral shift of the S1/V1 border in cKO. Retrograde labeling of corticospinal (DiI inserted into the CST) and corticotectal (DiD inserted into the SC) layer 5 output projections in P14 brains also reveals a rostrally shifted S1/V1 border (red arrowheads) in cKO sections. (Scale bars: 0.5 mm.) and S1 layers 2-3, very strong in S1 barrels) (Fig. 4B) is arearelated and allows the delineation of area borders in the CP (arrowheads in Fig. 4B ). MeCP2 and HDAC1 influence DNA methylation (28, 33) , and their expression pattern (Fig. 4B) suggests that they could operate in an area-specific fashion in the CP. Therefore we speculated that the distribution of epigenetic marks (e.g., 5-methylcytosine, 5Mc) that reflect chemical modifications of the DNA (28, 33) also could vary between areas. Consistent with the differences in MeCP2 and HDAC1 staining, which approximate cortical areas (arrowheads in Fig. 4B ), 5Mc immunostaining also appears variable in the WT CP (arrowheads in Fig. 4B : high in V1 upper layers and in S1 layer 4), revealing the V1/S1 border. We next investigated MeCP2, HDAC1, and 5Mc staining in cKO sections and found that their staining intensities overall appear lower and more uniform than in WT cortices (asterisks in Fig. 4B ). This analysis demonstrates that the differential distribution of epigenetic regulators (e.g., MeCP2) and their associated enzymes (e.g., HDAC1) among cortical regions matches the differential distribution of their substrates (e.g., 5Mc) in CP neurons in normal (WT) and abnormal (cKO) conditions, suggesting that regional differences in DNA methylation (28, 29, 33) could parallel (Figs. 1, 2 , and 4A) and predict (Fig.  4B ) gene expression differences in cKO cortical areas. To test this hypothesis, we isolated P7 genomic DNA from frontal, parietal, and occipital cortex and analyzed DNA methylation by using an ELISA for 5Mc. Quantification revealed (Fig. 4C) that the abundance of 5Mc in WT samples, measured as a percent of the total genomic DNA, differs significantly between areas (frontal/parietal cortex, P < 0.0001; parietal/occipital cortex, P = 0.0002). The highest percentages of 5Mc are evident in frontal cortex (1.36 ± 0.037%), the lowest in parietal cortex (1.02 ± 0.068%), and intermediate in occipital cortex (1.24 ± 0.024%). With 1.20 ± 0.051% in frontal cortex, 1.15 ± 0.044% in parietal cortex, and 1.09 ± 0.047% in occipital cortex, the quantification revealed significantly altered 5Mc abundance among the tested cortical areas in cKO samples (WT cKO in frontal cortex: P = 0.0016; parietal cortex: P = 0.0055; occipital cortex: P = 0.0002). Abnormally expressed epigenetic regulators and altered total DNA methylation in cKO, together with area abnormalities in related models (31, 32) , suggest that epigenetic mechanisms could complement the established role of intermediate TFs (2) in regulating area properties.
Next, to test whether the abnormal expression of downstream regulators is evident only after area features are differentiated (e.g., P7) or appears before these features emerge, we analyzed P0 sagittal sections. We found that all markers that are affected in cKO cortices at P7 (Fig. 4 and Fig. S8 ) already appear abnormal in cKO sections at P0 (Fig. S9) . For example, the opposing down-regulation of Bhlhb5/Lmo4 and up-regulation of CoupTF1 already is evident in cKO sections at P0, although less pronounced than at later times (compare Fig. 4 A and B and Fig.  S9 ). Lhx2 progressively controls the activity of its downstream regulators, starting before sensory areas emerge.
Mediated through its DNA-binding homeodomain, Lhx2 controls hundreds of downstream genes directly (34, 35) . We next aimed to identify molecules that are relevant to cortical area patterning and, mediated by its protein-binding LIM domain (36) , interact biochemically with Lhx2. We performed immunoprecipitation (IP) and coimmunoprecipitation (co-IP) assays for molecules that are abnormally expressed in cKO brains (Fig. 4 and Fig. S9 ). IP assays revealed proteins of the TFs Lhx2, CoupTF1, and Bhlhb5 and the epigenetic regulators MeCP2 and HDAC1 in P0 cortical lysates (Fig.  4D) . Using co-IPs, we then found that Lhx2 does not bind directly to CoupTF1 and MeCP2 but binds to Bhlhb5 and HDAC1 protein in vivo (Fig. 4 E and F) . These experiments identify two novel Lhx2-interacting proteins. Further, Lhx2 interacts physically with some but not all of its downstream effectors that show affected expression in cKO cortices. We conclude that Lhx2 function in neurons is critical for the establishment of normal sensory area patterning in the CP, presumably by regulating parallel postmitotic mechanisms that drive the establishment of principal properties of cortical neurons.
Discussion
How, after their initial specification in progenitors, cortical area properties are set up and maintained in cortical neurons remained largely elusive. Our findings imply major revelations to existing models describing area patterning (1-3) by demonstrating that specification of area identity in progenitors is insufficient. Using conditional inactivation of Lhx2 in postmitotic cortical neurons, we show that hallmarks describing area patterning (1-3), including (i) complementary gene expression across layers in the CP, (ii) the targeting of subcortical input projections from the principal sensory thalamic nuclei into the cortex, and (iii) the balance between corticospinal and corticotectal output projections, are concomitantly altered in brains that specifically lack Lhx2 function in postmitotic cortical neurons (see schematic in Fig. S10 ). This postmitotic function of Lhx2 in cortical neurons regulates area patterning after patterning TFs already have prespecified these features in cortical progenitors (1) (2) (3) . This observation is very interesting, because it demonstrates that the current view about the hierarchy of molecular events that determine area identity in the cortex is not accurate. In the existing model, patterning in progenitors strictly dictates the area identity of the neurons that they generate (1-3). We suggest a more comprehensive model of area patterning that defines the previously unknown intermediate processes in postmitotic cortical neurons. These processes include the role of Lhx2 in the regulation of postmitotic area identity that dominates the area features determined in VZ progenitors: After the initial specification of sensory area blueprints driven by graded expression of patterning TFs in the VZ progenitors (1-3), we propose that the sustained activity of key alignment TFs, including Lhx2, in neurons is a crucial requirement to linearly transfer and coordinate area identity in daughter neurons (Fig. S10) .
Current knowledge suggests that intermediate regulators execute the acquisition of area features in neurons. Each of them conveys select properties in specific cell types, layers, or areas (2). Our findings are in line with this view and in addition support an emerging concept in the field (37) which suggests that epigenetic mechanisms contribute to this process. We propose that epigenetic mechanisms should be considered as additional intermediate regulators of sensory area features in cortical neurons. Our experiments suggest at least two different classes of intermediate regulators that influence sensory area properties in postmitotic cortical neurons and a hierarchy between them. The first class, classic intermediate genetic regulatory elements, reflect diverse types of molecules including TFs such as Bhlhb5, Lmo4, and CoupTF1 (2, 23, (25) (26) (27) , epigenetic regulators such as MeCP2 and HDAC1 (29-31, 37, 38) , and likely others that affect select features of sensory areas and/or layers without driving overall area identity across cortical layers and areas. The second class are terminal selector genes, including Lhx2, that operate upstream of intermediate regulators. Importantly, terminal selector genes impact area patterning substantially by controlling the entire array of features concomitantly, across areas and layers in the CP postmitotically. In invertebrate and vertebrate species, terminal selector genes, including Lhx2 homologs, establish the definitive properties in many cell types by driving cell type-specific batteries of terminal differentiation genes (39) (40) (41) . Our study using mice complements these findings by showing that postmitotic Lhx2 function controls the area-specific terminal differentiation program in cortical neurons. Interestingly, we also have identified Bhlhb5 and HDAC1 as two novel Lhx2-interacting proteins. LIM-homeodomain TFs such as Lhx2 are well known to affect cellular processes through binding to other proteins (36) . Future studies that detail the cellular and molecular consequences of Lhx2 in association with its interacting proteins are needed to understand how it affects neuronal properties in parallel with its role as a powerful transcriptional regulator (34, 35) .
Our study addresses key unanswered issues about how sensory area features are specified in postmitotic neurons. A recent study (27) reports that postmitotic deletion of CoupTF1 results in area patterning abnormalities that are reminiscent to its deletion in progenitors (19) . This study fails to reveal exclusive area-patterning mechanisms in postmitotic neurons. Postmitotic functions of CoupTF1 influence the activity of patterning TFs in the VZ through a feedback mechanism, which in turn seems to drive these defects (27) . Conversely, after postmitotic deletion of Lhx2, area patterning in progenitors remains normal. This result ISH on P7 sagittal sections shows complementary expression patterns of Bhlhb5 and Lmo4 (Bhlhb5: low in M and V1, strong in S1; Lmo4: strong in M and V1, low in S1) in the cortex. Overall, the expression of both markers is strongly downregulated in cKO cortices. CoupTF1 ISH reveals strong expression in layer 4 across areas and in layers 2-3 in V1 and M. CoupTF1 expression appears strongly upregulated in the cKO cortex as compared with the WT cortex. (B) Immunostaining on P7 sagittal WT sections for MeCP2 (high in V1 layers 2-3 and S1 layer 4), HDAC1 (high in V1 layer 2 and in S1 layers 2-3, very strong in S1 barrels), and 5Mc (high in V1 layers 2-3 and S1 layer 4) is broad overall, but differences in staining intensities approximate area borders (arrowheads) in the CP. In cKO, these markers remain expressed but at lower levels and more uniformly in the CP (asterisks). (C) The content of 5Mc in total DNA samples derived from P7 frontal, parietal, and occipital cortices was measured using an ELISA (5Mc content is displayed as percent of total DNA). In WT samples, the 5Mc content is highest in frontal (1.36 ± 0.037%), lowest in parietal (1.02 ± 0.068%), and intermediate in occipital cortex (1.24 ± 0.024%). With 1.20 ± 0.051% (P = 0.0016) in frontal, 1.15 ± 0.044% (P = 0.0055) in parietal, and 1.09 ± 0.047% (P = 0.0002) in occipital cortex, 5Mc percentages in cKO areas differ significantly from the percentages in WT areas. *P < 0. clearly demonstrates that Lhx2 is required to regulate sensory area properties by controlling all hallmarks of arealization specifically in postmitotic cortical neurons. In summary, our findings add novel insights into the sequence and hierarchy of mechanisms that regulate the layout of the cortex into sensory areas postmitotically. The revised model has major implications for the current understanding and for the further investigation of the complex neurodevelopmental mechanisms that establish proper sensory circuits and their functions.
Materials and Methods
Mouse Lines. The mouse lines used in this study along with their sources are described in SI Materials and Methods. All experiments were approved and conducted following the guidelines of the Institutional Animal Care and Use Committee at the Salk Institute and were in full compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (42).
Staining. ISH, immunostaining, and axon tracings were performed as described in refs. 4, 18, and 21. The detailed protocols for DNA methylation analysis and IPs can be found in SI Materials and Methods along with the description of reported measurements and statistical analyses.
